A study of the capsid proteins of different legumeinfecting potyviruses using specific monoclonal antibodies on immunoblots of crude extracts from infected plants revealed that cowpea aphid-borne mosaic virus (CAMV) and blackeye cowpea mosaic virus (B1CMV) have coat protein Mr values of 32K and 35K, respectively. Immunoblot comparisons of BICMV, peanut stripe mosaic virus (PStV), bean common mosaic virus (BCMV) and azuki bean mosaic virus (AzMV) revealed equal reactivity of their 35K coat proteins. Similar comparisons between CAMV and the necrotic strain of BCMV (isolate NL3) showed a serological relationship between their 32K coat proteins, results providing the first evidence of a possible similarity between CAMV and BCMV NL3. Peptides from trypsin digests of the coat proteins of several of these legume-infecting potyviruses were analysed by HPLC. Comparison of the peptide profiles confirmed the serological results in distinguishing the two subgroups. Peptide profiles of coat protein from B1CMV, PStV, AzMV and BCMV were almost identical, results suggesting that they could be considered as strains of one virus. In contrast, peptide profiles of various CAMV serotypes and BCMV NL3 were distinct from the first group and exhibited limited similarities to each other.
Introduction
Cowpea aphid-borne mosaic virus (CAMV) and blackeye cowpea mosaic virus (B1CMV) have very similar physical properties and induce similar symptoms in their range of plant hosts (Taiwo et al., 1982) , except in a few specific cowpea cultivars (Huguenot et al., 1993) . Because they occur worldwide (Lovisolo & Conti, 1966; Bos, 1970; Iwaki et al., 1975; Behncken & Maleevsky, 1977; Lima et al., 1979; Mali & Kulthe, 1980; Pio-Ribeiro & Kuhn, 1980) and are seed-transmissible (Zettler & Evans, 1972) , they are economically significant pathogens. The identification of the two viruses has been ambiguous for many years, since neither virus has been fully characterized. The genome of CAMV is one of the potyvirus genomes that has not yet been sequenced. Nevertheless, BICMV and CAMV were shown to be two different potyviruses that could be reliably distinguished by symptomatology in differential cowpea cultivars and by serology using monoclonal antibodies produced to several isolates of cowpea-infecting potyviruses (Huguenot et al., 1993) .
In order to characterize further both CAMV and B1CMV, and to examine their relationship with other legume-infecting potyviruses, electrophoresis and immunoblotting were used to distinguish their capsid proteins. In addition, HPLC was used to analyse trypsin digests of their coat proteins. The latter technique has been used extensively for the characterization of many potyviruses (Shukla et al., 1986 (Shukla et al., , 1988 McKern et al., 1992a, b) and has proved to be an accurate method for estimating coat protein sequence homologies.
In addition to the capsid proteins of CAMV and B1CMV, those of four other legume-infecting potyviruses (peanut stripe mosaic virus, PStV; bean common mosaic virus, BCMV; azuki bean mosaic virus, AzMV; necrotic strain NL3 of BCMV) were analysed by these techniques. Results obtained with each type of analysis confirmed the clear partition of the viruses into two groups that may be of taxonomical importance.
Methods
Virus isolates. The potyvirus isolates used in this study, their sigla, origins and donors are listed in HPLC experiments, isolates were purified according to Huguenot et al. (1993) .
Antibody production. Polyclonal antibodies were raised in rabbits against seven Nigerian isolates of BICMV and CAMV (Huguenot et al., 1993) . Additional antisera raised against CAMV strain Mo (Ab ~-Mo) and BICMV Georgia (Ab~-GA) were supplied by Dr D. Gonsalves (Cornell University, Ithaca, NY, U.S.A.) and Dr C.W. Kuhn (University of Georgia, Athens, GA., U.S.A.), respectively. Monoclonal antibodies produced against B1CMV 81.11 (10G5), CAMV Fekan (5H5) or CAMV 70.12 (6C10) (Huguenot et al., 1993) were used as crude ascitic fluids in immunoblot experiments.
Immunoblotting. Crude sap extracts from infected plants, mixed with a standard denaturation buffer containing SDS (Laemmli, 1970) were separated in a 12% polyacrylamide gel by electrophoresis in the presence of low Mr protein standards (Bio-Rad). The protein bands were electrically transferred onto an Immobilon membrane (Millipore) as described by Towbin et al. (1979) . Mr marker strips were cut out and stained with a 0.1% Amido Black solution in 40 % methanol and 10 % acetic acid. The remaining portion of the membrane was probed with specific antibodies according to Donald et al. (1993) .
Peptide preparation and HPLC profiling. Peptides of the viral coat protein were prepared from freeze-dried virus as described by McKern et al. (1992a) using modified TPCK-treated trypsin (Promega). The HPLC profiles were obtained by separating the soluble peptides on a C18 reverse-phase column (5 gm C~, 300 A; 3-9 x 150 mm, Deltapak; Waters) connected to a Waters chromatography system (Millipore Waters) in a buffer of 0.115 % trifluoroacetic acid (TFA). The peptides were eluted from the column using a 0 % to 49 % acetonitrile (in 0.1% TFA) linear gradient over a period of 60 rain at a flow rate of 1 ml/min at 45 °C. The eluted peaks were monitored by Az~ 4 measurements. Each sample was run in duplicate. Before comparison, the baseline was subtracted from each profile. Table 1 . Letters in parentheses indicate serotypes.
Results

M~ comparison of coat proteins
Proteins in crude extracts of cowpea, infected with several African B1CMV and CAMV isolates, were separated by electrophoresis on the same gel as reference isolates B1CMV F1-V346 and CAMV Mo and another related potyvirus, PStV. Fig. 1 (a) between CAMV and B1CMV could be used as a criterion in virus discrimination.
To investigate further the possible use ofcapsid size in virus taxonomy, the same experiment was done with a panel of different legume-infecting potyviruses consisting of PStV, BCMV and AzMV, which are serologically related to B1CMV (Mink & Silbernagel, 1992) , as well as with CAMV and BCMV NL3. Polyclonal antibodies to B1CMV (Ab R GA) and CAMV (Ab a Mo) were used at 1 gg/ml and 10 gg/ml, respectively. The same difference in M r was observed (Fig. 1 b) . The M r values of the coat proteins of B1CMV, PStV, BCMV and AzMV isolates were 35K, whereas those of CAMV and BCMV NL3 were 32K. This is the first evidence of a possible similarity between CAMV and BCMV NL3. Thus, the serological relationships within each of these two subgroups is also correlated with a difference in coat protein M r .
Comparison of coat protein tryptic peptides by HPLC
HPLC peptide profiles of tryptic digests of coat proteins from B1CMV IT. 16 and B1CMV F1-V346, both representing serotype A (Huguenot et al., 1993) , B1CMV Onne (serotype B), PStV P-12, AzMV MJS and BCMV NY15Z were very similar (Fig. 2a) . Peak heights were generally similar among the six isolates and duplicate samples for each peptide digest gave identical profiles. At least 65 % (peaks 1 to 18) of the 28 major peaks had the same retention times in these six profiles. In addition, seven peaks (a to g) were common to four or five of the six isolates and two other peaks (~ and fl) were common to two virus isolates (AzMV MJS and BCMV NY15Z). Finally, some peaks were specific to a particular isolate, such as peak I which was only observed with B1CMV Onne.
The isolates analysed in Fig. 2(b) were of different serotypes of CAMV (Mo, Baga, Fekan, 70.12, Maputo), as well as BCMV NL3. The HPLC profiles observed for this group were very different from those of the first group (Fig. 2 a) . None of the 18 common peaks identified among the isolates represented in Fig. 2(a) could be found in this second group of six isolates (Fig. 2b) . Moreover, profile similarities among CAMV isolates were limited. Of the 24 major peaks, only 37% (1 to 9) were common to the six isolates, six peaks (a to f) were common to four or five isolates, and five peaks (~ to 6) were common to two or three isolates. Two peaks (1 and IV) were observed only in tryptic digests of CAMV Baga and peaks II and III were observed only in CAMV Maputo and B1CMV NL3, respectively.
These results confirm the existence of two distinct groups based on properties of the capsid proteins; the first one is very homogenous and includes B1CMV, PStV, AzMV and BCMV; the second one is more heterogenous and includes various serotypes of CAMV and the necrotic strain of BCMV (BCMV NL3).
Discussion
The nucleotide sequence of CAMV is not known. However, comparison with BICMV revealed that the two viruses are serologically distinct. Of 50 monoclonal antibodies produced against one or the other virus, none was found to recognize a common epitope (Huguenot et al., 1993) . In addition, the existence of differential cowpea hosts confirms the distinction between the two viruses. The present study of capsid protein M r values provides additional evidence for distinguishing the two viruses. A capsid protein of 35K was consistently observed for several isolates and serotypes of B1CMV, including the type isolate B1CMV F1-V346, whereas a capsid protein of 32K was characteristic of the isolates of CAMV, including the type isolate CAMV Mo. The coat protein tryptic peptide profiles obtained by HPLC also showed a clear distinction between CAMV and B1CMV. No similarities could be found upon comparison of CAMV and B1CMV peptide profiles. Different isolates and strains of B1CMV show a similarity of 89 % in their HPLC profiles (25 out of 28 peaks are identical), which corroborates serological results, indicating that they are members of a very homogeneous group (Huguenot et al., 1993) . On the other hand, CAMV isolates were very heterogeneous serologically and exhibited low similarity (37%) in the HPLC profiles of their capsid tryptic peptides. Therefore, in addition to serology, symptomatology and capsid Mr, comparison of HPLC peptide profiles is another method that can be used to distinguish CAMV from B1CMV.
With regard to other potyviruses, BCMV NL3 has been characterized serologically as serotype A of BCMV and symptomatically as the necrotic strain of BCMV (Vetten et al., 1992; Drijfhout & Bos, 1977) . This isolate was also shown to have only 30 to 50 % similarity with other BCMV isolates (serotype B) when compared in HPLC peptide profiling (McKern et al., 19~92a) . Comparison of CAMV and BCMV NL3 coat proteins in immunoblots revealed an M r of 32K, which distinguished them from the other BCMV serotype, B1CMV, PStV and AzMV, which had capsid protein Mr values of 35K. In the case of potyviruses, variable M r values, owing to capsid protein degradation, are often reported (Shukla & Ward, 1989) . However, this particular problem can be eliminated by using crude extracts from infected plants as the sources of virus. Most of the degradation is known to occur either during virus purification or storage. Because of the high concentration of virus in freshly prepared crude extracts of cowpea and bean, a sample of only 6 to 7 gg of total protein contained sufficient native capsid protein to produce a distinct band upon electrophoresis. In the results presented here, the differentiation of two subgroups of legume-infecting potyviruses based on their coat protein M r values can be used as a characteristic for their taxonomic classification.
Analysis of capsid tryptic peptides by HPLC also clearly distinguished two subgroups of these viruses, confirming the serological results. A relatively homogeneous grouping with a profile similarity of at least 65 % contained isolates of B1CMV, BCMV (serotype B), PStV and AzMV, whereas a heterogeneous grouping of only 37 % profile similarity contained CAMV serotypes and BCMV NL3 (serotype A). Data generated by HPLC profiles are obviously less detailed than a complete amino acid sequence but, nevertheless, they accurately reflect the sequence by visualizing all the peptides of a protein that are derived by trypsin digestion. Compared with serology, where the total number of epitopes on a protein is limited, trypsin cleavage sites are abundant. A complete epitope map has been reported for a few rodshaped viruses. Beet necrotic yellow vein virus, with a 25K coat protein, exhibited seven epitopes (Commandeur et al., 1992) . Ten epitopes have been reported for the 35K capsid protein of Johnsongrass mosaic virus (JGMV; Shukla & Ward, 1989) and nine epitopes were identified on the 35K coat protein of PStV, AzMV and B1CMV (Hasselmann et at., 1993) . More epitopes probably remain unidentified and are not taken into consideration in a serological study with the available antibodies. Therefore, the amino acid sequence that is explored by serology is very limited. In the previous examples, if the sequence of an epitope consists of five amino acids, the percentage of amino acids associated with epitopes would be at the most 17 %. Tryptic peptide analysis reflects a larger percentage of the coat protein sequence. The HPLC profiles of JGMV coat protein reveal 24 different peaks (Shukla & Ward, 1989) . B1CMV, AzMV and PStV HPLC profiles exhibit 23, 22 and 22 peaks, respectively (McKern et al., 1992b) . Therefore trypsin cleavage sites, which are at the carboxyl end of lysine and arginine, are abundant in these coat protein sequences. Taking into consideration the fact that peptide peaks with common retention times have the same amino acid composition and therefore probably identical amino acid sequences (McKern et al., 1990 (McKern et al., , 1992b , it can be assumed that a very large proportion of the sequence is evaluated by comparison of HPLC profiles. However, the use of this technique has some limitations. If reproducibility is easy to obtain within one experiment, a different batch of enzyme or slightly different chromatographic conditions, such as a new batch of elution buffers, is often sufficient to produce different profiles. Compared with serology, HPLC analysis evaluates similarities and differences on a larger proportion of the amino acid sequence but it does not take into consideration conformational differences.
Estimates of M r values of capsid proteins and HPLC analysis of their tryptic peptides constitute additional criteria for potyvirus characterization and identification. In this study, the use of these techniques demonstrated that B1CMV and PStV have almost identical coat protein characteristics and are very similar to AzMV and BCMV (serotype B). This similarity suggests that they could be considered as strains of one virus. On the other hand, CAMV and BCMV NL3 are very distinct from the first group. These two viruses exhibit the same capsid protein M r but their HPLC profiles have limited similarities. CAMV isolates belonging to different serotypes appear to have less in common, suggesting that some of the socalled serotypes could be considered to be different viruses.
